PREVIOUS studies in this laboratory have shown that cobalt, nickel and cadmium, when injected as the powdered metal into the thigh muscle of rats of the hooded strain, produce a high incidence of rhabdomyosarcomata, whereas a number of other metals, including iron, copper, zinc, manganese, beryllium and tungsten are not carcinogenic under these conditions (Heath, 1956(Heath, , 1960 Heath and Daniel, 1964a, b; Heath, Daniel, Dingle and Webb, 1962) . Tumours, which arise at any time from about 3 months after implantation of the active metals, and which metastasize readily in the primary animal, are transplantable into rats of the same strain. A cobalt-induced tumour, for example, has been maintained by transplantation for 13 years and is now in its 137th passage. Corresponding values for a nickel-induced and cadmium-induced tumour are 31 years and 54th transplant, and 6 years and 75th transplant respectively. All of these transplants preserve the characteristics of the primary rhabdomyosarcomata; in general the cobalt primary tumours are the least and the nickel tumours the most differentiated.
Transplants were maintained by serial passage of tissue fragments (about 1.5 mm.3) from the edge of an actively growing tumour into fresh rats at intervals of about 3-4 weeks. Insertion of the tumour tissue into the thigh muscle was made with a large-bore hypodermic needle.
All experimental animals were fed ad libitum on Diet No. 86 (North-Eastern Agricultural Co-operative Society Ltd.) rat cubes, and had free access to water.
Isolation of Cellular Components.-All operations were done in a cold room at 4' (C. The tissue was homogenized for 2 min. with 9 vol. 0*25 M sucrose in a modification (J. T. Dingle and C. Mallows, unpublished data) of the motor-driven homogenizer described by Aldridge, Emery and Street (1960) . The homogenate was strained through nylon gauze (200 mesh) and fractionated by differential centrifugation, essentially by the method of Schneider and Hogeboom (1950) . The nuclear and mitochondrial fractions were sedimented by centrifugation for 10 min. at 700 g and 10,000 g (Serval SS-3 centrifuge). Each fraction was washed by resuspension in 0*25 M sucrose followed by recentrifugation under the above conditions, the washings being combined with the supernatant material before the next step. The microsomes were recovered by centrifugation for 1 hr. at 105,000 g (Spinco Model L Centrifuge), the residual supernatant solution being termed the soluble fraction.
Additional preparations of cell nuclei only were made by the lissapol method of Gilbert and Radley (1964) .
Isolation of nucleic acids and deoxyribonucleohistone (DNP).-DNA was isolated by the methods of Marko and Butler (1951) and Kirby (1957) , and RNA by the methods of Kay and Dounce (1953) and Kirby (1956) . Any modifications that were introduced into these procedures are mentioned in the text. DNP was isolated by extraction with 1 M NaCl, essentially as described by Mirsky and Pollister (1946) .
Determination of metal contents.-Glassware was cleaned as described previously (Webb, 1949) . Water was re-distilled in a pyrex glass still.
Portions (about 1-2 g. wet weight) of the tumour, or other tissue were digested in a mixture of cone. HN03 (17 ml.) and water (3 ml.) on a sand-bath at about 150°. The solutions were evaporated until almost dry residues were obtained. These were dissolved in, and made up to a suitable volume (usually 5 or 10 ml.) with 1 N HCI (prepared from the re-distilled, constant-boiling acid) and the solutions filtered before analysis. Little or no material remained insoluble in HCI after digestion with HN03, in contrast to either a HN03-HC104 mixture (Buell, 1939) or H2SO4.
In the analysis of subcellular components, most of which were isolated in 0-25 M sucrose, extraction of the metal ions was used whenever possible in preference to digestion. In this procedure, a suitable volume of each fraction was made 500 (w/v) with respect to trichloroacetic acid (TCA) and kept in a glass stoppered flask at 60°C. for several hours, usually overnight. The denatured protein was removed and washed with 5°(w/v) TCA, the combined extract and washings being adjusted to volume with TCA and 5 N HCI to give final concentrations of these acids of 500 and 1 N respectively. In control experiments in which portions of homogenates of primary cadmium, nickel and cobalt tumours were extracted with TCA and also digested with HNO3, the results obtained by the two procedures were identical.
The concentrations of the metallic ions in digests and extracts were determined by atomic absorption with a Perkin-Elmer Model 303 Spectrophotometer. Excellent recovery of Cd2+, Ni2+ and Co2+ was obtained when known amounts of these cations were added to homogenates of both rat liver and of the transplanted tumours before and after digestion, and there was no interference due to the high Na+ contents of the solutions. TCA affected the relationships between absorption and concentration of the above cations to different extents and the standard reference solutions that were used in the analysis of extracts were prepared in 5% (w/v) TCA and 1 N HC1.
Most analyses were made either by direct reading, or by scale expansion in conjunction with the recorder-readout accessory. When concentration was necessary, the aqueous solution was adjusted to pH 3-0 in the presence of 0-2 vol. 0*1 M glycine-HCl buffer of this pH, and 0f2 vol. of an aqueous 1% (w/v) solution of ammonium pyrrolidine dithio-carbamate (K. & K. Laboratories Inc., Plainview, New York) were then added. The use of bromo-phenol blue as an internal indicator simplified the pH control and did not interfere with the subsequent analysis. After dilution as necessary to a volume twice that of the initial solution, the chelated cation was extracted into an appropriately smaller volume of methyl isobutylketone. As observed by others (e.g. Slavin, 1964; Sprague and Slavin, 1964a, b; Joyner and Finley, 1966) increased analytical sensitivity was obtained by the use of the organic solvent, and with a 4-fold concentration on extraction, it was possible to extend the lower limit of detection to one tenth of the normal value for Co2+, Ni2+ and Cd2+. This procedure was particularly valuable in the recovery of cations from extracts that in addition to TCA contained variable concentrations of sucrose. In aqueous solutions the absorption due to a fixed concentration of any one of the above cations was decreased by increasing amounts of the sugar and analysis of each extract had to be made by the method of additions.
Nucleic acid and protein determinations.-DNA was determined by Burton's (1956) modification of the diphenylamine procedure, and RNA by the orcinol reaction (Mejbaum, 1939 (39, 45, 49 and 53 weeks) also were included in the survey. Dry weight: wet weight ratios for the healthy tissue of the tumours varied from 0-147 to 0.183 (mean value 0-162) and there were no significant differences in this ratio for tumours induced by any one of the three metals.
The presence of the cation of the inducing metal was detected in peripheral tissue (i.e. the growing edge) of all tumours except a slow-growing nickel tumour that was analysed 53 weeks after the initial implantation. Ni2+ was detected also in a lymph node tumour that developed in an animal in which nickel powder had been administered intramuscularly. This tumour was probably a metastasis that developed secondarily to the rhabdomyosarcoma, although primary tumours have been observed to arise in the lymph nodes in response to the deposition of nickel sulphide, transported from the site of implantation by macrophages (Daniel, 1966) .
In general, the content of ions of the inducing metal decreased from the centre to the periphery, and also with the age of the primary tumour. In both primary nickel and cadmium tumours of similar age, the contents of the cations in the peripheral tissue were very variable (e.g. 0*4-22-4 jtg. Ni2+/g. wet wt.; 0*5-56-3 ,ug. Cd2+/g. wet wt.), whereas in the primary cobalt tumours the Co2+-concentration was somewhat more constant (0.35-3.8 ,ug. Co2+/g. wet wt.). In some animals in which primary tumours were well developed at 16-20 weeks, significant amounts of the cation of the inducing metal (i.e. 0-5-2*0 /kg./g. wet wt.) were found in muscular tissue from the opposite leg. The contents of the appropriate cation were also high in the liver, kidney and spleen, and in the limited number of analyses made, were always greater than in the peripheral tissue of the primary tumour. With cadmium implants in particular, very high amounts of Cd2+ were found in these organs (Table I) ; for example, in one series of analyses, the Cd2+ content of the liver was above 400 ,ug./g. wet wt., and was approximately double that of the kidney (179 ,ug./g. wet wt.), 9 x that of the spleen (43-8 /tg./g. wet wt.) and more than 100 x that of the tissue from the primary tumour in the thigh (3.54 jAg./g. wet wt.).
Under the conditions of the present analytical measurements, cations of the inducing metal were not detected in transplants of the cobalt and cadmium tumours, but Ni2+ (0.45-0.55 ,tg./g. wet wt.) was found in some transplants of the nickel tumour.
Intracellular distributions of cations of the inducing metal in primary tumours Although, in these studies, the tumours were dissected before homogenization, and any visible remnants of the original metallic implant were discarded, the presence of residual metal granules remained a potential source of error. Excessively high values for the cation contents of the initial homogenates, therefore, were considered to indicate contamination, and the results of analyses on the fractions of these preparations were rejected. In the representative results shown in Table TI the contents of Co2+, Ni2+ or Cd2+ in the homogenates, with the exception of one preparation from pooled cobalt tumours, were within the limits of the analyses summarized in the preceding section. These results show a common pattern of distribution of ions of the inducing metal in all of the three types of primary tumour. Thus, only 15% or less of the total cation content was associated with the soluble fraction, and the remainder was bound by the sedimentable cellular components. The major part was recovered in the nuclear fraction, a smaller amount being found in the mitochondria, and little or none in the microsomes. The latter finding was unexpected, as it was thought that the foreign ions might replace part of the normal complement of Mg2+, or other bivalent cation of the ribosome. Both Zn2+ and Fe2+ occur regularly in the ribosomes of liver and other tissues (e.g. Petermann, 1964) , and were present in appreciable amounts (0.42 and 0-26 ,ug./mg. protein respectively) in the microsomal fraction of the primary cobalt tumour (Table II) .
In each experiment of Table II the subcellular components were isolated from the same homogenate in order that the distribution of the cation of the inducing metal amongst the different fractions of the tumour tissue could be determined.
With the exception of one series of Cd2+ analyses, in which the recovery was low (88%) there was satisfactory agreement between the cation contents of the initial homogenates and the recovery in the subcellular fractions. It is well known, however, that these subcellular fractions, as isolated in 0-25 M sucrose, are not homogeneous, and the limitations of this method of fractionation have been summarized by Schneider (1961) . In particular, the nuclear fraction is liable to contamination by intact cells, mitochondria and connective tissue fibres, and the disintegrated cell membranes also are known to sediment from sucrose homogenates with the nuclear fraction (e.g. Takenchi and Terayama, 1965) . The results of Table II however, show that contamination by unbroken cells and mitochondria cannot explain the high cation content of the nuclear fractions from the primary tumours. Furthermore, the close agreement that was obtained between the results of the four or more replicates of the nuclear suspensions that were analysed. is evidence for the absence of contamination of these fractions by either residual granules of the inducing metals, or by fibres of connective tissue that contained excessive amounts of bound cations. Significant redistribution of cations through adsorption on to the swollen agglutinated nuclei during the fractionation also seems unlikely from the results of a series of control experiments.
Thus, when low concentrations of Co2+ and Ni2+ were added respectively to homogenates of liver and transplants of the nickel tumour, before fractionation by differential centrifugation, both cations were bound by the sedimentable components (including the microsomes), but about 5000 of each remained in the soluble fraction. and binding by the nuclei was not disproportionately great (Table III ). An essentially similar distribution of Co2+ was found in the subcellular components that were isolated from the livers of animals that had been injected with CoCl2 (Table IV) .
In other controls approximately equal weights of primary and transplanted cobalt and nickel tumours were homogenized and fractionated separately. The nuclear fractions from the transplants were then combined with the soluble fractions of the corresponding primary tumours, and portions of these suspensions analysed for the appropriate cations before and after removal of the nuclei by centrifugation. Binding of the cation by the nuclei under these conditions was In these experiments male rats (about 250 g. body weight) were injected subcutaneously with 0 5 ml. (= 125 mg. Co2+) of an isotonic solution of CoCl2 6H20 (42-5 mM) in aqueous NaCl (94.5 mM). After being fasted for 17 hr. the rats were killed and the subcellular fractions prepared from homogenates of the appropriately pooled livers.
To eliminate the possibility that metal-rich fragments of cell membranes contaminated the nuclear fraction and contributed to its high cation content, nuclei were isolated from each of the primary tumours by the method of Gilbert and Radley (1964) , the purification of the preparations being followed by phase contrast microscopy. The use of the lissapol solution in this procedure seemed less liable to cause artifacts through displacement of bound cations than other aqueous media that contained either Ca2+ (Schneider and Petermann, 1950; Wilbur and Anderson, 1951) or Mg2+ (Widnell and Tata, 1964) . Before analysis, the nuclei, which contained 17.5-21.0% DNA, were precipitated with ethanol (5 vol.) at 0°C. to remove the detergent, and the residue was then dried with ethanol and ether. The results of these determinations (Table V) confirmed that cations of the inducing metal were concentrated in the nuclei from each of the three primary tumours. Association of cations of the inducing metals with the nucleic acids of the primary tumours Both Cd2+ (21-260 ,ug./g. DNP) and Ni2+ (20-120 ,ug./g. DNP) were found in the deoxyribonucleohistone from primary cadmium and nickel tumours respec-tively. In similar preparations from three batches of the primary cobalt tumour, however, the Co2+-content was too small to be determined accurately. Also this cation was not detected in the DNP from transplanted cobalt tumours that were removed 16-17 hr. after the subcutaneous injection of CoC12 into the hosts.
Most initial preparations of DNA were made by Kirby's (1957) method, with the exception that ethanol was used for precipitation. Thus, although treatment with RNAase was included in the purification of the DNA, the RNA-contents of the preparations were high (30-40%). The contents of the cation of the inducing metal in these mixed nucleic acids from primary nickel, cadmium and cobalt tumours ranged from 52-480, 50-260 and 0-100 ,tg./g. nucleic acid respectively. When ethoxyethanol and methoxyethanol were used in place of ethanol in the isolation procedure as described by Kirby (1957) the purity of the DNA preparations was increased to 92-95% and a lower, but consistent yield of 25--2-8 mg. DNA/g. wet weight tumour tissue was obtained. Only single preparations of DNA that were isolated in this way from the primary cobalt, cadmium and nickel tumours were analysed; these were found to contain 38 ,tg. C02+, 31 ,ug. Ni2+ and 52 ,ug. Cd2+/g. DNA.
One sample of crude DNA (327 ,ug. Ni2+/g.; 66.5% DNA) that was isolated from a primary nickel tumour with ethanol as the precipitant, was refractionated with ethoxy-and methoxy-ethanol to yield a preparation that was 94.5% pure and contained only 7.8 ,ug. Ni2+/g. The combined supernatant fractions were dialysed to remove the organic solvents and frozen dried to recover the RNA. This contained 1016 jug. Ni2+/g. (98% of the Ni2+ in the initial preparation) in contrast to the bulk RNA (yield 27 mg./g. wet weight tissue) that was isolated from a portion of the initial tumour and which contained 123 lsg. Ni2+/g. These results indicate, therefore, that a significant portion of the total content of inducing cation that is associated with the nuclei of a given primary tumour is bound by the nucleic acid components, and, at least in the nickel tumour, binding by nuclear RNA is much greater than by DNA. Wacker and Vallee (1959) , amongst others, however, have shown that the total heavy metal content of RNA is greater than that of DNA. Presumably, many of these cations are contaminants that are introduced during the isolation procedure, since the nucleic acids have a great capacity for base exchange (Kirby, 1957) . The content of Zn2+ in a number of the initial DNA preparations, for example, was found to vary widely (41-788 C4g./g. nucleic acid) and was invariably less (41-73 Ftg. Zn2+/g. nucleic acid) in those samples that were isolated by the detergent method. Thus, the method of isolation may lead to the redistribution of cations, particularly with the primary tumours on the denaturation of protein with phenol.
DISCUSSION
It is known that intramuscular implants of cadmium, nickel and cobalt dissolve slowly in the tissue fluids. It is not unexpected, therefore, that in the tumours that are induced by these metals there is a decreasing concentration gradient of the corresponding cation from the centre to the periphery. The cation content also decreases with the age of the tumour as the metal is eliminated from the site of implantation. Transplants of these tumours, which develop in the absence of the inducing metals, neither concentrate nor require the corresponding cation in excess of any normal level for growth and survival.
Elimination of the implanted metals leads to the accumulation of the corresponding cations in the liver, kidney and spleen of the host. With cadmium implants the concentration of Cd2+ in these organs is very high, and a study of the intracellular distribution of this cation in the liver for example, might be of interest. Although the histology of the liver and other metal-containing organs has not been investigated, macroscopically the tissues appear normal and thus an excessive content of ions of the carcinogenic metals alone seem insufficient to induce the malignant change. As suggested by Heath (1960) it is probable that the induction of tumours at the sites of implantation is due to the combined effects of mechanical and chemical damage by the abrasive particles of metal and the attempted regeneration in the presence of the toxic cation.
In each of the primary tumours most of the total cellular content of the inducing cation appears to be associated with the nuclear fraction. Smaller amounts are found in the mitochondria, 15% or less in the soluble fraction, and little or none in the microsomes. In vitro, free ribosomes are known to be precipitated by various bivalent cations which in lower concentrations, may inhibit amino acid incorporation into protein by the particles (Petermann. 1964) . Possibly, the low uptake of Co2+, Cd2+ and Ni2+ by the microsomes in vivo is related in some way to their high content of Mg2+. The latter is known to antagonize the uptake of Ni2+t and Co2+ by both bacteria and mitochondria (M. Webb, unpublished results).
In most of the analyses that are summarized in Table II Thus, it is to be expected that the presence of the cations of the inducing metals in the tumour mitochondria will affect their oxidative metabolism. These considerations led to a separate study of the activities of the mitochondria from the primary and transplanted tumours, the results of which are summarized in the following paper (Daniel, Heath and Webb, 1967) .
Both DNA and RNA from the primary rhabdomyosarcomata contain the cations of the inducing metals and, subject to the limitations that are mentioned in the Results section, it seems that at least part of the high cation content of the nuclei of each of these tumours is associated with the nucleic acid components. Recently, Menke and Sarif-Sarban (1966) have reported that 6oCo2+ is incorporated into the nucleic acids of the chick embryo, and that the binding of the cation by DNA reaches a saturation point at a dose of 10 pg. Co2+/egg. For the fourtimes precipitated DNA the Co2+ content (4 mpg./g. DNA) at this limit corresponds to average distribution of one cobalt atom in 46 x 106 nucleotides. In the DNA preparations from the primary metal-induced tumours, the isolation of which involves dialysis and several precipitation steps, the cation contents are much larger than the value given by Menke and Sarif-Sarban (1966) , but nevertheless are small when expressed as atoms/mole nucleotide. Studies on the properties of these nucleic acids are now in progress.
The results of Tables II and III show that the distribution of the inducing metal amongst sub-cellular fractions of the primary tumours differs quantitatively from that which occurs when the corresponding cations are added before fractionation to homogenates of transplanted tumours or liver. In particular, in the primary rhabdomyosarcomata 70-90% of the cellular content of the inducing metal is tound by the nuclei whereas in the latter systems binding by the nuclear fraction is much less (20-30%). Although these findings, coupled with those on the isolated nucleic acids, suggest that the carcinogenic metals interact with, and thus alter the genetic apparatus, it should be stressed that only well-developed tumours have been analysed, i.e. in which the malignant change had taken place many cell generations previously. Both Zn2+ and Co2+ are concentrated by spontaneous mammary tumours in C3H mice when the host animals are injected with the chlorides of these metals, and are found in preparations of DNP from these tumours (Heath and Liquier-Milward, 1950; 1951) . It is possible, therefore, that ions of heavy metals interact more readily with the nucleic acids and nucleoproteins of any growing and dividing cells, malignant or normal.
SUMMARY
Primary rhabdomyosarcomata that are induced in rats by the intramuscular implantation of powdered metallic cobalt, cadmium or nickel develop in the presence of excessive local concentrations of the dissolved metals. In each tumour the content of incorporated metal decreases from the centre to the periphery and also, as the implant dissolves and is eliminated from the site of implantation, with the age of the tumour. Transplants of these tumours do not either concentrate or need the corresponding cations in excess of any normal requirements for growth and survival.
In the different primary tumours the distribution of the three inducing metal ions is similar, but differs quantitatively from that found when these cations are added before fractionation to homogenates of either liver or the transplanted tumours. Most of the inducing metal that is incorporated intracellularly by the primary tumours is bound by the nuclear fraction. Smaller amounts are found in the mitochondrial and soluble fractions, and little or none in the microsomes. At least part of the high cation content of the nuclei is due to binding by the nucleic acids.
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